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Constant Chemical Potential Cycles for Capacitive
Deionization †

Daniel Morenoa and Marta C. Hatzell∗a

The primary energy consuming operations which occur within a Capacitive Deionization (CDI)
cell, are the ion removal (electrosorption), ion concentrating (electrodesorption), and solution
switching processes. In theory the maximum system performance for a CDI system arises when
solution switching occurs while maintaining a fixed number of ions (N), and when electrosorp-
tion/desorption occurs while maintaining a fixed chemical potential (µ). These fixed state variable
based operations are analogous to the Carnot cycle, where heat transfer occurs at constant tem-
perature and compression and expansion occur while maintaining constant entropy. In reality,
maintaining a constant number of ions during switching is not practically feasible, thus here we in-
vestigate two alternative cycles where switching instead occurs while maintaining constant charge
or voltage. Unlike constant number of ions, maintaining charge and voltage constant is feasible
using a potentiostat. These theoretical cycles were chosen as they are analogues or ideal-like
(Stirling and Ericsson) cycles, which are also practically feasible. The thermodynamic analysis
reveals that these alternative cycles provide an avenue to approach the theoretical limit with low
saline feed water; however, they are not capable of approximating ideal operations at elevated
feed-water concentrations.

1 Introduction
The efficiency of any capacitive deionization (CDI) cycle is depen-
dent on the system operating conditions (voltage limit, tempera-
ture, feed salinity) and chosen thermodynamic process path1–8,
Ultimately, minimizing energy consumption and maximizing ther-
modynamic efficiency is achieved when the conditions and pro-
cess paths are optimized. Slight changes in either can result
in significant energy savings, as over the lifetime of a CDI de-
vice, a cycle is repeated thousands of times6,8. There are nu-
merous thermodynamic process paths which can be utilized to
get a desired degree of desalination. A well studied example of
this is when electroadsorption/desorption occurs while maintain-
ing a constant current or constant voltage. Both approaches can
achieve the same desired ion removal, while experimental evi-
dence suggests that constant current-based desalination may be
more energy efficient9–13. These differences are largely tied to
the thermodynamic trajectory of the ion removal process.

While constant current and constant voltage ion removal pro-
cesses are the most employed processes used to electrochemically
remove ions, there are theoretically a number of other state vari-
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ables which could be held constant to achieve the same degree of
desalination. The thermodynamically ideal operating mode is de-
fined by drawing an analogy between the CDI cycle and a Carnot
(ideal) cycle14. Thus, optimum operation incorporates electroad-
sorption/desorption processes which maintain a constant chemi-
cal potential, and switching processes which maintain a constant
number of ions. In reality, maintaining a constant number of
ions, like maintaining constant entropy, is not technically feasible.
Therefore, there is a need to define alternative practical trajecto-
ries which can effectively mimic those found within the Carnot
analogy cycle.

Here, we aim to compare the performance of two ideal-like
thermodynamic cycles with the ideal Carnot-analog cycle. The
two alternative cycles are chosen based on analogies drawn be-
tween thermal processes and electrochemical processes using dif-
ferential relations for free energy and work14. The chosen ideal-
like cycles resemble the Stirling and Ericsson cycles, which are
well known to be technically practical and exhibit performance
which approachs the Carnot limits. In each cycle, the adsorp-
tion/desorption occurs while maintaining a constant chemical po-
tential condition, while the switching step differs in each cycle.
Cycle operation is demonstrated on a chemical potential versus
number of ions diagram and a charge versus voltage diagram. Fi-
nally, the impact of feed salinity (C0) and salt removal (∆C/C0) is
explored in each cycle.
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Fig. 1 (A) Thermodynamic cycle, (B) deionization cycle, and (C) depiction of a CDI solution switching process. During this process, we investigate the
cycle energetics associated with maintaining constant charge, voltage, and constant number of ions.

2 Methodology
The cycles examined in this study are based on the Gouy Chap-
man Stern (GCS) theory for the electrochemical double layer of
the capacitor. The cycles operate under infinitely slow conditions,
eliminating the need for transient-based considerations such as
the diffusion and resistance of the cell.

When one stream during the desalination process is diluted,
the other is subsequently concentrated into a brine stream. The
magnitude of the concentration in this brine stream CB is deter-
mined by the influent and dilute concentrations C0 and CD, and
the water recovery ratio α:

CB =
C0 −αCD

1−α
(1)

where α is the recovery ratio, or fraction of the water that is sent
to the dilute stream. Cycles that employ constant concentration
stages consequently have only two defined concentrations: the di-
lute concentration CD, and the brine concentration CB defined in
Eq. 1. The rationale is that in fully reversible, infinitely slow cy-
cles, the initial concentration will only be seen at the influent for
a very short time before charging/discharging. The cycles are run
under infinitely slow conditions by linearly scaling a chosen pa-
rameter during each process until the desired final value is met at
the next state. This eliminates irreversibilities due to transients
in thermodynamic processes. As the cycles are run under the
assumption of infinitely slow conditions, challenges associated
with adsorption capabilities of electrodes are also neglected in
this study. Recent experimental work into flowable electrodes4,15

provides one practical example into how such high adsorption
capabilities for CDI may be practically attainable. Lastly, while
material considerations are not taken into account for the CDI
cell or electrodes, constant values such as the Stern layer capacity
are borrowed from previous experimental observations and com-

putational studies.

Each of the cycles tested operates in four stages: In the first
process, the cell concentration switches from the brine concentra-
tion to the dilute concentration. For the second process, the cell
undergoes charging under a constant chemical potential (concen-
tration) until a maximum cell voltage of 1.2 V is reached. In the
third process, concentration is switched once again to the brine
concentration values. For the fourth and last process, the cell is
discharged until the starting voltage of 0.1 V is reached, returning
the cycle to its starting conditions.

In CDI cycles, switching stages involve returning the dilute
stream to the initial inlet concentration16,17. Here, due to the
constant chemical potential operation of the CDI cycles, the con-
centrations are immediately switched to the dilute stream con-
centration (before charging) or to the brine stream concentration
(before discharging). When transients are no longer considered,
the switching mode happens much more rapidly than the charg-
ing or discharging stages, and during each of those stages the cell
concentration reaches equilibrium with either the dilute or brine
streams5. The discharge voltage was constrained at 0.1 V pri-
marily to allow for energy recovery during the discharging stage.
Additionally, this discharge value of 0.1 V was chosen based on
previous studies and subsequently built upon here5,18.

For all of the cycles tested, the charging and discharging pro-
cesses take place at a constant chemical potential. The chemical
potential µ varies as a function of both concentration and tem-
perature:

µ = kBT ln
( C

Cre f

)
(2)

where kB is Boltzmann‘s constant and Cre f is a reference tem-
perature to the environment, taken here as 1 M19. If the cycle
is run under isothermal conditions, constant chemical potential
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Table 1 Thermodynamic state proprieties for thermal and electrochemi-
cal processes.

Cycle Thermal Properties Electrochemical Properties
Ericsson T,P µ, Vcell
Stirling T,V µ, σ

Carnot T,S µ, N

is achieved by ensuring that cell concentration is held constant
during either a charging or discharging phase. In a constant CDI
experiment run in continuous mode, a constant current opera-
tion can maintain a desired concentration depending on the cur-
rent applied and system parameters5,20,21. As all cycles evalu-
ated here are isothermal, constant chemical potential processes
are equivalent to constant concentration processes.

During switching stages, the property kept constant depends
on the type of cycle operated (Table 1). The cycle operations cor-
respond to analogies for thermodynamics for both heat engines
and refrigerators: Stirling (µ-Q) cycles employ constant surface
charge, Ericsson (µ-V) cycles employ constant cell voltage, and
Carnot (µ-N) cycles use a constant number of ions (Figure 1C).
The number of ions term is unique in that it considers both the
concentration in the cell and its surface charge:

N = Γ+CLeNav (3)

where Nav is Avogadro‘s constant, Le represents the pore length
between carbon electrode particles (pore volume/pore area,
taken as 4 nm in this study), and Γ is the excess surface charge.
We use the pore length Le as an arbitrary characteristic length to
relate between volume-based and area-based terms.

Γ is determined as a function of both the electrode surface
charge σ and additional crossover charge σ∗

Γ = (σ +σ
∗)2 −σ

∗ (4)

σ
∗ =

1
(2πλBλD)

(5)

where the Debye and Bjerrum lengths for the electrolyte, λB and
λD, determine the crossover charge17,19. All simulations run
in this study assume a double layer Bjerrum length of 0.7 nm.
The crossover charge is defined as the charge at which attractive
forces from counter ions and repulsive forces from co-ions are
balanced22.

All tests conducted in this study are run at standard room con-
ditions, so constant chemical potential stages can also be inter-
preted as constant concentration stages. For reversible processes,
a stage with a constant number of ions is analogous to an adia-
batic process.

The GCS model for the EDL divides the total cell voltage into
two components: voltage in the rigid Stern layer, which varies
proportionally as a function of charge, and the diffuse layer,
which varies with both charge in the cell and the length of the
layer (Debye length) itself. The diffuse layer voltage ∆VD is given
as

∆VD = 2VT sinh−1
(

σ
√

(πλB)

2CNav

)
(6)

with thermal voltage VT defined as VT = RT/F, where F is Fara-
day‘s constant. For the Stern layer voltage ∆Vst , Gauss‘ law is used
for a 1:1 electrolyte (as in the case with NaCl):

∆Vst =
σe
Cst

(7)

where Cst is the Stern capacity and e is the elementary charge.
Previous studies using GCS models have assumed a constant
Stern capacity around 0.2 F/m2 23,24. To further assess the valid-
ity of cycling performance with regards to different pore lengths,
we also examine additional cycles employing the modified Don-
nan (mD) model which accounts for micropore concentrations.
We employ a version of the mD model which takes into account
attractive forces within micropores25, and is applicable to a wide
range of concentrations such as the one employed in this study.

Assuming a symmetric cell configuration, the diffuse and Stern
layer potentials can be combined and doubled for both sides of
the cell to provide the total cell voltage ∆ Vcell:

Vcell = 2(∆Vst +∆VD) (8)

Integrating cell charge over the total voltage of the cycle gives
the total work input needed to drive the cycle. In addition to
comparing this work for different cycle operations, this cycle work
is also related to the minimum cycle work required to drive the
cycle (based on concentrations and recovery ratios). Another goal
with the cycle operation is to reduce the net energy consumed as
close as possible to the minimum (Gibbs) energy of mixing ∆ Gmix:

∆Gmix = nRT
[C0

α
ln
(C0 −αCD

C0(1−α)

)
−CDln

( C0 −αCD

CD(1−α)

)]
(9)

This cycle thermodynamic efficiency denoted as ηT EE , is given
by:

ηT EE =
∆Gmix

Enet
(10)

where Enet is the total amount of energy expended within the cy-
cle, that is, the amount of energy expended during charging after
subtracting the amount recovered during discharging. For brack-
ish water concentrations, values for ηT EE typically do not exceed
10%1,26. Changes in the TEE for different cycles will be evaluated
by looking at the concentration change (C0 - CD) relative to the
initial concentration. This ratio displays performance parameters
relative to a given removal percentage.

3 Results and Discussion
By employing Equations 2-8 under the operating modes pre-
sented, CDI cycles can be depicted using either charge-voltage
(Q-V) diagrams or chemical potential-number of ions (µ-N) di-
agrams, by plotting each of the individual points as the form a
cycle. For each of the cycles depicted, the area enclosed in the
µ-N diagram equals the total work consumed during one charge-
discharge cycle. With a C0 = 20 mM, α = 0.5 and CD = 1 mM, the
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Fig. 2 Constant potential-number of ions diagrams for (A) C0=20 mM and (B) C0=100 mM.

energy consumed was 2.0 kWh/m3 (0.14 Joules/Coulomb)) for
the µ-V cycle, 1.8 kWh/m3 (0.17 J/C) for the µ-Q cycle, and 1.6
kWh/m3 (0.15 J/C) for the µ-N cycle (Figure 2A). Thus by alter-
ing the state variable during the switching stage (process 1-2 and
process 3-4) the entire cycle energy consumption is altered. How-
ever, the energy consumption difference from cycle to cycle only
differed by approximately 20%. This is visible through the differ-
ences in cycle area as demonstrated on the µ-N diagram (Figure
2A). However, when the the feed water concentration increases,
the deviation between the areas increases substantially (Figure
2B). With elevated feedwater concentration (C0=100 mM), the
difference between the curves differ by as much as 400%.

The difference in the energy consumption can be discerned
through inspecting the various thermodynamic trajectories for the
four processes used within the desalination cycle (solution switch-
ing, adsorption, solution switching and desorption).

During the initial switching stage (process 1-2), the cell’s volt-

age increases for each case, however, the magnitude differs. This
increase in voltage is due to the changes in the structure of the
electric double layer with concentration. At lower concentrations,
the Debye length expands, leading to a voltage jump (Figure SI1).
When the initial feed was 20 mM, switching while maintaining
a fixed number of ions (iso-N), resulted in the greatest voltage
rise (400 mV). Conversely, the voltage rise experienced during
switching with iso-V was 0 mV, and iso-Q was 50 mV. To min-
imize the energy consumed during charging, it is ideal for the
voltage rise during switching to be maximized, as this reduces
the charge needed to reach a desired set voltage (Vmax). In the
case of the constant number of ions, the voltage rise corresponds
with an increase in charge, which also reduces the required input
energy.

During process 2-3 the cell is charged, while the feed stream is
desalinated. Since the feed and minimum concentration are fixed,
the ions removed are the same for each cycle. However,increasing

Fig. 3 Thermodynamic energy efficiency as a function of percentage of salt removed for (A) C0=20 mM and (B) C0=100 mM.
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the cell voltage during the switching stage (process 1-2), reduced
the energy that is required to achieve the desired ion removal.
With a 20 mM feed, the energy input for process 2-3 was 7.9
kWh/m3 (0.72 J/C) for the µ-V cycle, 7.9 kWh/m3 for the µ-Q
cycle (0.72 J/C) and 7.3 kWh/m3 (0.82 J/C) for the µ-N cycle.
Thus, the lower energy input for the µ-N cycle is a direct result of
the switching process operations.

During process 3-4, the feed is switched with the brine solution
prior to discharge. During this stage, the surface charge must
decrease for the iso-N cycles, in order to maintain a fixed N at
the higher brine concentration. As a result, the maximum cycle
charge is nearly 5% less than in the case of the µ-V cycles. This is
non-ideal as decreasing the charge and voltage prior to discharg-
ing results in lower energy recovery. While most CDI systems do
not recover energy during the discharge process, it is necessary in
order to achieve high thermodynamic efficiency.

Finally, during process 4-1, the feed is discharged and returned
to the initial concentration and voltage. During this stage, the
discharge allows for an additional amount of energy recovered.
All processes perform this discharge at the same constant chem-
ical potential, but begin at different charge and cell voltage val-
ues based on the previous switch stage employed. The µ-Q cy-
cle recovers 6.0 kWh/m3 (0.55 J/C) and the µ-V cycle recovers
8.6 kWh/m3 (0.67 J/C). Finally, the µ-N cycle recover nearly the
same energy.

While the above demonstrates the importance of feed concen-
tration, the degree of salt removal also impacts the thermody-
namic efficiency. For the case of feed water at 20 mM, all three cy-
cles exhibit a consistent linear increase in the TEE with increased
salt removal (Figure 3A). However, a maximum is reached at
approximately 95% desalination, after which the work input in-
creases exponentially at a rate faster than ∆Gmix increases (Figure
SI2A). For the constant number of ions cycle (µ-N), this maximum
is subsequently increased to 2% compared to 1.6% for the con-
stant voltage switching (µ-V), and 1.8% for the constant charge
switching (µ-Q). Therefore, with low salinity feed streams, and
low salt removal (∆C/C0 <50%), the three cycles are nearly iden-
tical. This is consistent with thermal energy systems, where Er-
icsson and Stirling cycles tend to approach the Carnot limit in
some operating conditions. If employing the mD model, the max-
imum efficiencies near 95% removal are still observed for all three
modes of operation (Figure SI 3A), although the values are lower
due to the greater charge buildup in the overlapping double lay-
ers of the mD model. While the mD model does not yield the
highest efficiencies for the µ-N operation, although performance
does exceed the µ-V cycle with more dilute streams, suggesting
that the µ-N cycle works best at higher concentration ranges.

When the concentration is 100 mM, the µ-Q and µ-V cycles
follow a similar trend, with the maximum TEE approaching 10%
at 95% removal. However, the µ-N cycle increases substantially
without experiencing a tradeoff at high salt removal. Further-
more, the peak theoretical TEE approaches > 30% which is in line
with membrane based systems. Thus, the difference between the
energy consumed for each cycle, only differs at high concentra-
tions and with high salt removals. Even at high concentrations,
the various ideal-like cycles are able to produce similar perfor-

mance up until (∆C/C0 =50%). This is confirmed even for the
mD model: While efficiencies are overall lower, when the µ-V and
µ-Q modes cycles approach maximum TEE values of 5% and 6%,
the µ-N cycle reaches a peak TEE of nearly 8% (Figure SI3B). As
the mD model employed here takes into account attractive ionic
forces at higher concentrations, it is more applicable in both high
and low concentration ranges. By evaluating both EDL models
and observing the same trend with improved TEE here, the bene-
fits of the Carnot analogs can be further expanded upon.

When evaluating the cycle work consumed as a function of de-
salination degree, a maximum in the cycle work for the mu-N
cycle is observed, at a desalination degree of approximately 40%.
This means that at lower concentrations, less work is consumed
due to the narrower µ range, but at higher concentrations, less
work is consumed due to the narrower range imposed by the con-
stant number of ions condition. The corresponding trend in cycle
work can est be visualized when viewed on a µ-N diagram (Figure
4A), with much smaller changes in the number of ions at higher
concentrations. The maximum in the net cycle work for the µ-N
mode of operation is more clearly seen when sweeping over the
full range of inlet concentrations between 20 and 100 mM (Fig-
ure 4B). Net work consumption for the µ-Q and µ-V modes of
operation are also plotted for reference. The maximum value for
the µ-N operational mode can also provide a suggestion for the
target ranges at which a µ-N cycle can be employed, for desali-
nation in practical cycles is challenging at higher concentration
ranges. Even at the maximum net work of C0 ≈ 50 mM consumes
almost 10% less work than its next closest competitor, the µ-Q
cycle.

4 Conclusion
Three thermodynamic cycles which contain constant chemical po-
tential charging and discharging stages were investigated. The
cycles differed based on the thermodynamic process employed
during solution switching. Through investigating the impact of
solution switching while maintaining iso-N, iso-V and iso-Q pro-
cesses, we were able to compare the performance of the thermo-
dynamic analog Carnot, Ericsson and Stirling cycles. The Carnot
cycle is not practically executable in an electrochemical system,
and therefore detailing the differences between these cycles may
provide insight into feasible ways to achieve ideal-like perfor-
mance. The results suggest that the use of iso-V and iso-Q so-
lution switching processes can enable near ideal performance if
the cell is operated with low feed water concentration (C0<20
mM), or low salt removal (∆C/C0 <50%). However, the differ-
ence between the ideal and ideal-like cycle can differ by as much
as 400% as the feed water concentration is increased or the total
salt remove approaches 100%.
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Fig. 4 (A) Chemical potential-number of ions diagram for a Carnot analog (µ-N) cycle with a constant 5 mM dilute stream and various inlet concentration
streams. (B) Cycle work consumed for constant chemical potential charging cycles with a 5 mM dilute stream and various input feed concentrations.
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